A magnetoelectric composite produces electricity in response to a magnetic field. The voltage, current, and electric power generated by unit of magnetic field applied to the composite define the intrinsic voltage, current, and power conversion factors. Since the magnetostrictive phase of the composite has a higher magnetic permeability than the surrounding medium, a far field magnetic field is not fully utilized due to demagnetization. Thus, novel explicit equations are developed here to calculate the extrinsic voltage, current, and power conversion factors accounting for demagnetization. The proposed formulation is applied to various materials and geometries to illustrate the process of material and device-geometry selection leading to an optimum design.
Introduction
Magnetoelectic (ME) devices have potential applications to sensors [1] , energy harvesters [2] [3] [4] [5] [6] [7] [8] , and solid state memory [9] . Although ME materials exist in nature [10] , their ME charge coefficient β is too small (4.13ps m −1 at 2 • K [11]) 3 and/or their Néel temperature is too low for practical applications, but composite materials can be built to exploit the product property between a strongly magnetostrictive (MS) s/H material and a strongly piezoelectric (PE) E/s material; that is, obtaining the product ME property E/H, where s, H, E, are the strain, magnetic field, and electric field, respectively.
Unlike naturally occurring ME materials, ME composites can achieve strong ME voltage coefficients. For example, particulate composites can reach 0.16 V A −1 [12] , and laminated composites α = 5.76V A −1 4 [13] , which corresponds to β ∼ 13000ps m −1 at room temperature. While particulate composites are limited in performance by atomic diffusion, mechanical defects, and leakage currents, laminated composites may overcome or minimize these problems [13] [14] [15] . Since the ME composite may have other useful properties such stiffness and strength, they may be considered to be multifunctional materials as well [16] .
While PE materials have an approximately linear strain-electric field response over a wide range of strain or electric fields, MS materials have a nonlinear strain-magnetic field (s-H) response. However, most applications use these materials over a small magneticfield range centered around a large, fixed magnetic bias. As a result, the behavior may be approximated as linear, and in this later case the material is said to be piezomagnetic (PM), and he linear properties used for the PM phase have to be measured at the desired magnetic bias. Variations of all quantities, which should be denoted by a differential or increment (e.g., dH or ∆H) are written simply as H and so on, which from this point forward are understood as the variation of the quantity.
Analytical models [17] [18] [19] [20] [21] are useful because they can be used to quickly predict approximate values for the expected voltage, charge, or work conversion of the device as a function of material properties for the PE and PM materials as well as a function of the relative volume fractions of the constituents. An analytical model to predict the intrinsic ME response of laminate composites is presented in [21] for all four possible laminate configurations (TT, LT, TL, and LL), correctly taking into account the conductivity of the PM phase. However, intrinsic response is not representative of device performance because the far field magnetic field is not fully utilized due to demagnetization, which is caused by the magnetostrictive phase of the composite having a higher magnetic permeability than the surrounding medium. Thus, novel explicit equations are developed herein to calculate the extrinsic voltage, current, and power conversion factors accounting for demagnetization, which unlike for intrinsic properties, requires to account for the geometry of the device 5 . The ME voltage coefficient provides a indication of the ME material's performance to produce an electric field E, and thus voltage V = E t from exposure to a magnetic field H, when no work is drawn from the device 6 . Similarly, the ME charge coefficient represents the performance of the ME material to produce an electric displacement D, and thus charge Q = DA from exposure to a magnetic field H, again when no work is drawn from the device 7 . Finally, the ME coupling factor κ yields a measure of the ME material's performance to convert magnetic work into electric work [21] [22] [23] .
The formulas for these coefficients require calculation of the dielectric permittivity of the
In this work, the composite is called a "material" as long as the geometrical dimensions of the "device" are not relevant. The dimensions are relevant due to demagnetization, requiring the use of the term "device" to emphasize the dependency of the device behavior with geometrical dimensions. Volume fractions are not dimensions. The PM and PE are called "phases" to emphasize that they are not composites and do not have intrinsic ME effect. 6 Where t is the total thickness of the device, E is the average electric field over t, and V is the voltage measured across the thickness t of the device. 7 Where A is the area of the device.
Property BTO PZT-2 PZT-4 PZT-5A PZT-5H PZT-8 PVDF Units S 11 8 Table 1 : PE material properties [24] [25] [26] . The compliance is measured at constant electric field and the dielectric constant is measured at constant stress.
device H at constant magnetic field and magnetic permeability of the device µ E at constant electric field, but the well known series/parallel capacitor formulas are not appropriate for PM devices because the application of a magnetic field results in an electrical displacement and vice versa, due to the inherent coupling present in the device. Thus, the methodology proposed in [21] is used here to derive close form, explicit formulas for their calculation.
The demagnetizing effect has been considered by other researchers, allowing them to obtain extrinsic properties for particular geometries and configurations. In this work, explicit equations are obtained for all four possible configurations (TT,TL,LT,LL) by using the averaged demagnetizing factor approximation. Twenty-eight combinations of seven PM and four PE materials are studied to elucidate the effects of material properties, volume fraction, and device geometry on voltage, charge, and work-conversion. ME properties are calculated to find the optimum PM/PE materials combinations and PM volume fraction χ for the four configurations (TT, TL, LT, LL). Optimum values are computed for 3 measures of performance, namely ME voltage coefficient α, ME charge coefficient β, and ME coupling factor κ. Thorough explanations are presented for the trends observed.
Materials and constitutive equations
The PE and PM materials selected for this study are listed in Tables 1 and 2 , respectively. Some properties not available for Galfenol and Metglas are calculated using the same ratios S 11 /S 33 , ν 12 /ν 31 and q 31 /q 33 of Terfenol-D. The mechanical properties of CFO 8 are assumed to be isotropic. The DC magnetic bias used to measure the properties of the PM phase is indicated in Table 2 . A low magnetic bias is desired for most applications, so that a smaller permanent magnet can be used. This gives a design advantage to Metglas and Galfenol.
The analytical model from [21] constitutive equations
where σ is the stress tensor, s is the strain tensor, E is the electric field vector, H is the magnetic field vector, D is the electric displacement vector, B is the magnetic flux density vector, S is the compliance tensor (measured at constant electric and magnetic field), is the dielectric permittivity tensor (measured at constant stress), µ is the magnetic permeability tensor (measured at constant stress), d is the PE charge constant tensor, and q is the PM constant tensor. These equations describe the behavior of the PM and PE phases. PM materials are actually magnetostrictive, with a nonlinear relationship between strain and magnetic field, but they are customarily treated as linear in the close neighborhood of an applied magnetic bias. Then, the PM constant tensor and all the PM properties are measured at this magnetic bias. PE and PM materials display transverse isotropy on a plane normal to the polarization (magnetization) direction, which is denoted by the 3-axis in this work. By design, the material's 3-axis is placed along the expected direction for E and H fields in order to obtain maximum performance. The polarization and magnetization directions do not coincide for the TL and LT configurations. Therefore, a global coordinate system (Figure 1 ) is used to cast the equations after appropriate coordinate transformation for each of the phases.
The compliance tensor S is defined as follows [28, (1.91 
The PE charge constant tensor d is defined as
where
The PM constant tensor q is defined in the same way, where
The dielectric permittivity , and magnetic permeability µ, are diagonal tensors defined as
where δ ij is the Kronecker symbol and x 3 is the axis of transverse isotropy, which coincides with the direction of polarization or magnetization ( 11 = 22 and µ 11 = µ 22 ). ME devices can be built using four different configurations ( For simplicity, only two layers are shown in Figure 1 , but it is assumed that the actual device is symmetrically laminated. Furthermore, the laminas are thin in comparison to the in-plane dimensions, resulting in a state of plane stress [28] and insignificant shear lag effect [29] . As a result, the stresses are averaged through the thickness of each lamina and the intralaminar/interlaminar shear strains are negligible [28] . Consequently, the ME pair is assumed to be fully effective over its entire area.
The PE phase is most commonly polarized in the transverse direction. Otherwise, an insulator is needed at the interface to prevent charge leakage from the PE through the PM phase, since the latter is highly conductive. For example, a longitudinally polarized PZT was bonded to two magnetostrictive FeBSiC alloy (Metglas) foils, using two Kapton films in between to confine the electric field to the PE phase, thus avoiding leakage [30] .
Intrinsic properties
Intrinsic properties are calculated first for the 28 material combinations to establish a baseline for subsequent comparison with the extrinsic properties. This is necessary because extrinsic properties also depend on geometry but intrinsic do not. In this way, it is possible to better elucidate the material effects separately from the geometrical and the demagnetization effects. Intrinsic properties are calculated with the equations presented in [21] . 3.1 TT configuration 3.1.1 ME coupling factor Power output from the ME composite requires a high ME coupling factor κ, formally defined as the ratio of electric work harvested to magnetic work applied [21, Eq. (50) ]. The intrinsic ME coupling factor κ of the TT configuration is calculated for the 28 material combinations. The results are shown in Figure 2 . The highest coupling factor (κ = 0.17) is obtained for Terfenol-D/PZT-5H composite with PM volume fraction χ = 85%.
Composites with Terfenol-D and other PZT compositions result in slightly lower ME coupling factors with similar volume fraction dependency. The highest values are obtained for the compositions with higher PE coupling factor. Terfenol-D/BTO has a similar dependency on the PM volume fraction as Terfenol-D/PZT but with smaller values of κ due to the smaller PE coupling factor of BTO. Finally, Terfenol-D/PVDF has the smallest ME coupling factor due to the smallest PE coupling factor of PVDF.
For Terfenol-D/PVDF, it can be observed that the optimum ME coupling is obtained for smaller PM volume fraction χ compared to Terfenol-D/PZT-5H. This is due to the higher compliance of PVDF, which requires a smaller amount of PM phase to obtain the optimum strain.
Regarding the influence of the PM phase, the highest ME coupling is obtained for Terfenol-D, even though it does not have the highest PM coupling factor. Although Metglas has the highest PM coupling factor, it does not yield the highest ME coupling factor because of its high magnetic permeability. A high magnetic permeability affects the distribution of H between PM and PE phases which detrimentally affects performance.
The distribution of H between PM and PE phases is obtained from (3). The magnetic flux density in the z-direction for the PM phase is
and the magnetic flux density for the PE phase is
When transverse magnetization is used, the magnetic flux density B in both phases are equal
. Combining equations (10) and (11) we get
In (12), if the PM phase has a magnetic permeability µ P M 33 much higher than the PE phase µ P E 33 , a smaller magnetic field H P M z in the PM phase is observed. This smaller magnetic field reduces the magnetic work harvested by the PM phase. Therefore, for transverse magnetization, a smaller magnetic permeability increases the magnetic field (and the magnetic work harvested) in the PM phase. After Terfenol-D, CFO shows the next higher ME coupling factor, for the same reason.
The effect of the high magnetic permeability on the effective internal magnetic field is further discussed in Section 4 to account for demagnetization.
The optimum PM volume fraction with CFO is smaller than with Terfenol-D because CFO, having smaller compliance, generates more stress to drive the PE phase with less PM volume fraction χ than Terfenol-D. 
ME voltage coefficient
To obtain high open circuit sensitivity requires high ME voltage coefficient α [21, Eq. (23)]. The ME voltage coefficient for the 28 different material combinations in the TT configuration are shown in Figure 3 . The highest ME voltage (2.3V A −1 ) is obtained with Terfenol-D/PVDF composite with a PM volume fraction χ =41% (κ = 0.024).
Another configuration with a high ME voltage coefficient (1.4V A −1 ) is Terfenol-D/PZT-2 composite with PM volume fraction 77%. The optimum α is obtained for higher PM volume fractions because of the higher stiffness of PZT-2, requiring more PM phase to achieve the optimum strain.
ME charge coefficient
To obtain a high short circuit sensitivity, a high ME charge coefficient β is required [21, Eq. (25)]. The ME charge coefficient for the selected composites in the TT configuration are shown in Figure 4 . In this case, the highest β is obtained when χ → 1, because the effective area to produce the electric displacement D does not change with the PM volume fraction. Then, χ → 1 maximizes the stiffness of the PM phase [21] and thus maximizes the strain transferred to the PE phase. However, χ → 1 results in a ME coupling factor κ = 0, making impossible the measurement. Therefore, a compromise between β and κ is required. The criterion used in this work to achieve this compromise consist in selecting a PM volume fraction that has a high β while retaining 70% of the maximum κ for that configuration. In the case of Terfenol-D/PZT-5H, 70% of the maximum κ is 0.12, which can be obtained with χ = 97%, resulting in β = 175 × 10 −9 C A −1 m −1 . Furthermore, composites using PZT-5H posses a high ME charge coefficient due to the high PE charge coefficient (d 31 = 274 × 10 −12 CN −1 ) of PZT-5H (Table 1) .
LT configuration
Here the PM is magnetized in the longitudinal direction, i.e., along the longest dimension of the laminate. Longitudinal magnetization results in an increase of the magnetic field in the PM phase compared to transverse magnetization, because (unlike for the TT configuration) the magnetic field is applied at the edges of the PM phase without having to cross the PE phase (
. This is an advantage for the materials with high magnetic permeability µ P M 33 such as Metglas. This effect will be further discussed when the extrinsic properties are calculated accounting for the demagnetizing effect in Section 4. Additionally, the PM coupling coefficient κ 33 is higher in the direction of magnetization than κ 31 for the TT configuration.
ME coupling factor
The increase of the magnetic field in the PM phase results in a higher magnetic work harvested (compared with transverse magnetization). This can be observed in Figure 5 were the ME coupling coefficient of composites (LT configuration) using Metglas show better performance that anything in Figure 2 . Regarding the PE phase, the same materials used for the TT configuration give the optimum response. Metglas/PZT-5H composite (LT configuration) with a PM volume fraction of 53% has a ME coupling factor of 0.23 and Metglas/BTO composite with a PM volume fraction of 64% has a ME coupling factor of 0.11.
ME voltage coefficient
The improvement obtained by magnetization in the longitudinal direction is observed in the ME voltage coefficient as well ( Figure 6 ). Here it can be seen that Metglas/PVDF composite has the highest α = 274V A −1 with a PM volume fraction of 29% (κ = 0.05). Another composite of interest is Metglas/PZT-2, which has smaller ME voltage coefficient (119V A −1 ) but higher ME coupling factor (κ = 0.16) for a PM volume fraction of 66%.
ME charge coefficient
The highest values of ME charge coefficient are obtained for the LT configuration due to the high strain produced by the PM phase and the large effective area of the PE phase. Predictions are shown in Figure 7 .
If the criterion discussed in Section 3.1.3 is used for the Metglas/PZT-5H composite in the LT configuration, the PM volume fraction to achieve 70 % of the optimum ME coupling is 89%, resulting in a good compromise between ME charge coefficient (β = 8393 × 10 −9 C A −1 m −1 and coupling factor κ = 0.16). An alternative for a lead free material is Metglas/BTO composite with a PM volume fraction of 92%, which results in β = 3219 × 10 −9 C A −1 m −1 and κ = 0.08.
TL configuration
Here the composite is magnetized in the transverse direction but charge/voltage are sensed at the ends of the longitudinal direction. Polarization of the PE phase in the longitudinal direction is more challenging requiring and insulator at the PM/PE interface, but ME coupling factor and voltage coefficient are increased. The use of the TL configuration results in smaller ME coefficients and coupling compared to LL and LT configurations. This is due to the smaller magnetic field in the PM phase, as it was discussed in Section 3.1.1. For this reason, this configuration will not be discussed further, but predictions can be obtained using the formulas provided in the Website [31] .
LL configuration
The highest α and κ is predicted when the ME composite is polarized and magnetized in the longitudinal direction, justifying the more complicated fabrication required by longitudinal polarization, including an insulator. 
ME coupling factor
Predicted ME coupling factors for LL configuration are shown in Figure 8 . Metglas/PZT-5H has the highest ME coupling factor (0.56) at 57 % PM volume fraction. This is due to the high PM and PE coupling factors of Metglas and PZT-5H, respectively. For this configuration the coupling factor k 33 and k 31 are important because strain is produced in the x-and y-directions. For a lead free material Metglas/BTO with a PM volume fraction of 69% (κ = 0.33) is the best option.
ME charge coefficient
Predictions for the ME charge coefficient can be seen in Figure 9 . Metglas/PZT-5H composite has a ME charge coefficient of 4246 × 10 −9 C A −1 m −1 and κ = 0.56 for a PM volume fraction of 60%. The β is smaller than the value for the LT configuration but the coupling coefficient associated is three times higher. Metglas/BTO composite is a good alternative to PZT, yielding β = 1423 × 10 −9 C A −1 m −1 and κ = 0.33 for a PM volume fraction of 69%.
ME voltage coefficient
The ME voltage coefficient for the LL configuration can be seen in Figure 10 . Metglas/PZT-2 composite reaches a good compromise (according to the established criterion) between the ME voltage coefficient and the ME coupling factor at PM volume fraction of 92%, resulting in α = 2705V A −1 and κ = 0.32. Metglas/PVDF composite shows an unusual behavior as a function of the PM volume fraction. For χ < 0.4, increasing the PM volume fraction increases the ME voltage coefficient, but after 40% the ME voltage coefficient remains practically constant. This is due to the fact that the elastic modulus of PVDF is more than six times smaller than the elastic modulus of Metglas. As a result, only a small volume fraction of Metglas is required to produce high strain in the PVDF layer and higher volume fractions of Metglas practically do not increase the strain in the PVDF.
A similar effect can be seen in the ME coupling factor (Figure 8 ). The compromise between the ME voltage coefficient and coupling factor for Metglas/PVDF in LL configuration is obtained for PM volume fraction of 22%, resulting in α = 345V A −1 and κ = 0.05. Another lead free option is Metglas/BTO composite with a PM volume fraction of 94% having a ME voltage of 1304V A −1 and a coupling factor of 0.24.
Summary of intrinsic properties
Composites with high open circuit sensitivity are shown in Table 3 . Longitudinal magnetization yields higher coefficients due to the higher strain produced and Metglas is the best PM phase for this configuration. The first three composites require the more complex longitudinal polarization but produce higher ME voltage coefficient (α). For the first three composites, a PM volume fraction lower than the optimum (χ → 1) is selected to avoid κ = 0. Table 4 : ME composites with high intrinsic charge coefficient for closed circuit sensor applications. a The optimum PM volume fraction (χ → 1) is not used to avoid κ = 0, but PM volume fraction is selected to retain 70% of the maximum ME coupling factor for each configuration.
application where PVDF shows good performance because its small PE charge coefficient and coupling factor results in small β and κ.
Composites with high closed circuit sensitivity are shown in Table 4 . Transverse polarization results in a higher closed circuit sensitivity due to the higher area at which the electric displacement is produced. PZT-5H results in the highest β between the PE materials selected due to its high PE charge coefficient (d). Smaller PM volume fraction than the optimum (χ → 1) is selected to achieve a good trade off between κ and β for the LL configuration.
Composites with longitudinal polarization have about half the ME charge coefficient compared with transverse polarization. For the PM phase, Metglas in longitudinal magnetization has the highest performance. Lead free ME composites for closed circuit applications can be fabricated using BTO with the disadvantage of decreasing β to about a third.
Composites with high ME coupling factor are shown in Table 5 . ME harvesters require that most of the harvested magnetic work is transformed to electric work, requiring a structure with high ME coupling factor (κ). Among the materials considered in this study, the composite that better satisfies this is Metglas/PZT-5H in LL configuration with a PM volume fraction of 60%, which results in κ = 0.56 (Table 5) .
Composites with transverse polarization have κ more than two times smaller due to the smaller k 31 of the PE phase. Using lead free BTO in the LL configuration reduces the ME Table 5 : ME composites properties with high intrinsic coupling factor for harvesters applications.
coupling factor to 0.33.
Extrinsic ME properties
When a device is exposed to an external magnetic field H 0 , the internal magnetic field H 3 is reduced by the demagnetization field
where H d is the demagnetizing field, N 3 is the demagnetizing factor in direction 3, and M is the magnetization. The magnetization can be written as follows [32] 
resulting in
where H 3 is the magnetic field inside the composite material when the magnetic behavior of the PE phase is assumed to be blended with the surrounding medium (the PM phase is the only phase which has an effect on demagnetization, not the PE). The symbol is used to differentiate H 3 from H 3 , which is the magnetic field inside the composite material when the magnetic behavior of the PE phase is homogenized with the PM phase, as in [21] . We shall see in Section 4.1 and 4.2 that H 3 = H 3 for longitudinal magnetization but H 3 = H 3 for transverse magnetization. Furthermore, H 0 is the externally applied magnetic field, µ is the magnetic permeability of the material, µ 0 is the magnetic permeability of vacuum, µ r = µ/µ 0 and N 3 is the demagnetizing factor in the 3 direction (the direction in which the magnetic field is applied). N 3 is a function of the geometry of the device.
The demagnetizing factor has values between 0 and 1. When N 3 = 0, H 3 = H 0 and when N 3 = 1, H 3 = H 0 /µ r . Devices with high demagnetizing factor N 3 made with materials having high relative permeability µ r experience the highest reduction of internal magnetic field H 3 . While intrinsic material performance is independent of geometry, the extrinsic device performance, i.e., the voltage generated for a given magnetic field, is a function of the dimensions of the device as well as intrinsic performance. The extrinsic performance can be calculated in terms of the intrinsic material performance and the demagnetizing factor for particular device dimensions [33, 34] .
The demagnetization factor satisfies the condition N 1 + N 2 + N 3 = 1. The simplest case is for an sphere, for which N i = 1/3 and constant in all directions. In the case of an infinite plate, the out of plane demagnetizing factor is 1 and the in-plane demagnetizing factor is 0. For example, for a thin ME laminate in the shape of a large square plate, the TT configuration suffers because N 3 → 1, but the LT and LL configurations have the advantage because N 3 → 0.
The demagnetizing factor for non-infinite plates as a function of position can be calculated using the equations of Joseph and Schlomann [33] . The averaged demagnetization factor can be obtained using the expressions derived by Aharoni [34] . Thus, the dimensions of the ME device can be optimized taking into account the demagnetizing factor N 3 . The optimal dimensions would yield N 3 → 0.
For the case of composites with longitudinal magnetization (LT and LL), the thickness has to be considerably smaller than the in-plane dimensions to approach N → 0. For composites with transverse magnetization (TT and TL), measured performance, rather than intrinsic performance, may be significantly reduced due to high demagnetization factor [35] .
The demagnetizing factor N 3 is constant inside an ellipsoid but not inside a cuboid [33] . To take into account the variation of the demagnetizing factor at different positions, the constitutive equations have to be solved at every point and integrated trough the volume, drastically increasing the complexity of the analysis. To simplify the analysis, in this work an approximation is used; the demagnetizing factor is averaged through the volume. This allows to us obtain explicit formulas for the ME coefficients.
The averaged demagnetizing factor is calculated using the following formula [34] 
where c is the length of the PM phase in the direction of the applied field (direction 3), and a, b, are the dimensions of the PM phase perpendicular to the applied field. Equation (16) does not apply to a composite with two or more different phases. Fortunately, since the magnetic permeability of the PE phase µ P E ≈ µ 0 , it can be blended with the surrounding medium. Then, the dimensions used in Equation 16 correspond to the dimensions of the PM lamina only. Additionally, the magnetic permeability of the material used in Equation 15 has to be that of the PM phase only. This will be further discussed for each extrinsic property calculated.
Extrinsic ME voltage coefficient
The extrinsic ME voltage coefficientα, which depends in the actual geometry of the composite is defined asα
The intrinsic ME voltage coefficient for the homogenized composite subject to magnetic field H 3 (see Section 4), is defined [21] as
At this point is convenient to define the intrinsic ME voltage coefficient for the homogenized composite subject to magnetic field H 3 (which is relevant in the magnetic phase only), as follows
which is similar to α but with the magnetic field applied at the boundaries of the magnetic phase only. There are two different cases. First, when longitudinal magnetization is used, H 3 = H 3 and α = α. The second case is when the composite is magnetized in the transverse direction, for which the magnetic field H 3 through the composite is
Thus, α has to be calculated using (19) for all the composites with transverse magnetization. Finally, the extrinsic voltage coefficientα can be obtained as followŝ
where µ ] D=0 is the magnetic permeability of the PM phase mechanically clamped to the PE phase and with D = 0, which can be calculated as
where B 3 is the magnetic flux in the magnetic phase only. Figure 11: Extrinsic ME voltage coefficient for Metglas/PZT-2 in LL configuration for aspect ratios of 10, 100, 10000, and r → ∞ (intrinsic value).
Analytical expressions for µ ] D=0 in all four configurations are developed in this work by solving the constitutive equations subjected to appropriate boundary conditions for each configuration. For the LL configuration the following expression is obtained Equation (23) and a similar expression for the LT configuration (not shown in this paper) can be found in the Website [31] .
Values of extrinsic ME voltage coefficient are calculated for Metglas/PZT-2 composite in LL configuration and the results are shown in Figure 11 . These results were calculated using a composite with equal length and width (square in-plane) and various thicknesses. The aspect ratio r is defined as follows
where a is the width of the composite, c is the length of the composite (in the direction of the applied magnetic field) and t is the total thickness of the composite. Therefore, the thickness b of the PM phase is obtained in terms of the PM volume fraction as b = χ t. It can be seen in Figure 11 that when the aspect ratio is reduced, the extrinsic ME voltage decreases. Intrinsic properties are obtained when r → ∞ because the demagnetizing factor approaches zero (N 3 → 0). Very high values for the aspect ratio are required to preserve the intrinsic properties in the case of Metglas. This is due to its high magnetic permeability, making it very sensitive to demagnetizing effects. For example, if the aspect ratio is r = 10 4 for Metglas/PZT-2 LL, the extrinsic ME voltage isα = 581V A −1 , which is considerably smaller than the intrinsic value of α = 2705V A −1 , where both values are calculated using χ = 92% to retain 70 % of the maximum intrinsic ME coupling factor. In practice, aspect Figure 13 : Extrinsic ME voltage coefficient for all the ME composite proposed as a function of the device aspect ratio. The optimum PM volume fraction for each material combination can be seen in Figure 14 . ratios of r = 10 are preferred to facilitate the fabrication of the device. In such case, the extrinsic ME voltage coefficient decreases toα = 2.4V A −1 , which is 10 3 times smaller than the intrinsic value.
Since ME voltage decreases so drastically for Metglas/PZT-2 for small aspect ratios, other materials with smaller magnetic permeability are investigated to see if they can sustain higher extrinsic ME voltage. Results for all material combinations in LL configuration are shown in Figure 12 for aspect ratio r = 10. It can be seen that composites with Terfenol-D have the highest extrinsic ME voltage due to their smaller magnetic permeability. With regards to the PE phase, PZT-2 allows for the highest extrinsic ME voltage. Terfenol-D/PZT-2 has the highest extrinsic ME voltageα = 26V A −1 for a PM volume fraction of χ = 95%. Using Galfenol instead of Terfenol-D results in a lowerα due to the higher magnetic permeability of Galfenol.
The effect of the aspect ratio can be seen in Figure 13 . The demagnetizing effect is stronger for materials with higher magnetic permeability, resulting in higher decrease of the extrinsic ME voltage. It can be seen in Figure 13 that Metglas/PZT-2 has the highestα for aspect ratios higher than r > 1200. For small aspect ratios (r < 90), Terfenol-D/PZT-2 shows the highest extrinsic ME voltage, and between these aspect ratios, Galfenol/PZT-2 has the highestα.
The PM volume fraction used in Figure 13 is the optimum for each composite and aspect ratio, which in some cases has to be reduced from the optimum of χ = 1 to a vales retaining 70 % of the intrinsic ME coupling factor. In the case of Terfenol-D/PZT-2 and Galfenol/PZT-2 in the LL configuration, the optimum PM volume fraction is χ = 1, so they are reduced to 95 and 89 %, respectively. For Metglas/PZT-2 and Metglas/PVDF in LL configuration, the optimum PM volume fraction changes with aspect ratio, as it can be seen in Figure 14 . In the case of Metglas/PVDF for aspect ratios larger than 35000 the optimum PM volume fraction is given by the 70% retention criterion. When r < 35000 is used, the optimum PM volume fraction decreases. The intrinsic ME voltage coefficient does not change when different aspect ratios are used but the demagnetizing factor does. For smaller PM volume fraction, the demagnetizing factor decreases because the thickness of the PM lamina used in (16) decreases. In some cases, like for Metglas/PVDF, the decrease in the demagnetizing factor (due to smaller optimum PM volume fraction required to stretch the PVDF) has a positive effect that more than compensates for the decrease in the intrinsic ME voltage resulting from using PVDF. This effect can be easily noticed for PVDF because PVDF is a soft PE material, not needing a thick PM lamina with high stiffness to strain it. A similar effect can be seen for Metglas/PZT-2 and for all the composites using Metglas.
In Figure 14 , demagnetization is negligible for aspect ratio r = 10 6 and a thick PM layer (χ = 92%) is needed for optimum performance. As r decreases from right to left, Figure 15 : Extrinsic ME voltage coefficient all the ME composites in LT configuration as a function of the device aspect ratio. The optimum PM volume fraction for each configuration can be seen in Figure 16 . demagnetization grows. For Metglas/PZT-2 LL and 30 < r < 500, reducing χ reduces demagnetization more that enough to compensate for the reduction of magnetostriction, an thus ME voltage α, due to a lower χ. Therefore, the optimum PM volume fraction drops below 92%. However, for r < 30, the effect of χ on magnetostriction overcomes the reduction of demagnetization, so the optimum goes back to χ = 92%. This behavior can be seen also for Galfenol/PVDF LL and Terfenol-D/PVDF LL with r < 700 and r < 4, respectively.
The LL configuration yields maximum extrinsic ME voltage. However, LL configuration requires an insulating layer to prevent current leakage, thus fabrication is more complex. For this reason the LT configuration (most commonly used in the literature) is studied independently from the LL configuration. The predictions are shown in Figure 15 .
LT Metglas/PVDF has the highest intrinsic voltage, as it is discussed in Section 3.2.2. Metglas/PVDF is the best option when aspect ratios higher than 250 are used. When aspect ratios from 4 to 250 are used, Galfenol/PVDF has the highest extrinsic ME voltage, and for aspect ratios smaller than 4, Terfenol-D/PVDF is the best candidate, because it has high compliance, requiring less PM thickness to stretch it, thus resulting in a thicker PE, which effectively increases the electric field. Note that since the PM volume fraction for the composites with PVDF are small, resulting in a thin PM layer, the demagnetizing effect has a smaller impact than for other composites.
As it can be seen in Figure 16 , the optimum PM volume fraction for LT Metglas/PVDF composite increases when aspect ratio increases. The optimum PM volume fraction for the intrinsic case (represented in the plot by r = 10 6 ) is 23 %. When aspect ratios smaller that 300 are used, the optimum PM volume fraction is 1%. This is due to the fact that smaller PM volume fraction results in smaller demagnetizing factor because the thickness of the PM phase is smaller. Furthermore, the PM phase does not need to have high stiffness because PVDF has a high compliance.
For LT Metglas/PVDF composite with χ → 1%, the intrinsic ME coupling factor plateaus at 75% of the highest ME coupling factor achievable. Thus, it satisfies the 70% retention criterion even at χ → 1%. If a PE phase with a lower compliance is used, such as in Metglas/PZT-2 composite, the optimum PM volume fraction does not decrease as much as for Metglas/PVDF because a thicker PM phase is required to drive the relatively stiff PZT-2.
A similar effect to the one shown by Metglas/PVDF can be seen with Galfenol/PVDF and Terfenol-D/PVDF, but in these composites the decrease in optimum PM volume fraction with decreasing aspect ratio is less severe than for Metgals/PVDF due to smaller magnetic permeability of Galfenol and Terfenol-D. An additional advantage of using PVDF instead of PZT materials is that PVDF is lead-free.
Extrinsic ME charge coefficient
Similarly to Section 4.1, the extrinsic ME charge coefficientβ is defined aŝ
The intrinsic ME charge coefficient for the homogenized composite subject to magnetic field H 3 (see Section 4), is defined [21] as
At this point is convenient to define the intrinsic ME charge coefficient for the homogenized composite subject to magnetic field H 3 (which is relevant in the magnetic phase only), as follows
which results inβ
where β and µ are defined in the same way as in Section 4.1. In the case of longitudinal magnetization β = β , but for transverse magnetization β it has to be calculated using appropriate boundary conditions. Also note that in (28), the magnetic permeability µ is the magnetic permeability of the PM phase when mechanically bonded to the PE phase, for a constant electric field E = 0, i.e.,
which must be calculated using the corresponding boundary conditions. The analytical expression is provided in the Website [31] . Predicted extrinsic ME charge coefficients for composites with aspect ratio r = 10 are reported in Figure 17 . Terfenol-D/PZT-5H in LT configuration has the best performance (β = 77 × 10 −9 C A −1 m −1 and κ = 0.08 for χ = 95%). This is due to the smaller demagnetizing effect in a material, such as Terfenol, with relatively small magnetic permeability. In the LL configuration, the optimum extrinsic ME charge coefficientβ = 41 × 10 is good as well, with the advantage of occurring at χ = 55%, which has a κ = 0.30. Even Galfenol, which has higher magnetic permeability than Terfenol, shows a high ME extrinsic charge coefficient ofβ = 38 × 10 −9 C A −1 m −1 , due to the higher intrinsic ME charge coefficient of Galfenol/PZT-5H in LL configuration. The later is just one example where intrinsic performance is useful to explain an extrinsic feature of a ME composite.
To evaluate the ME charge performance of the 28 ME composites studied in this work, the extrinsic ME charge coefficient as a function of the aspect ratio is calculated and reported in Figure 18 . When smaller aspect ratios are used, the demagnetizing effect is stronger for materials with high magnetic permeability, resulting in higher extrinsic ME charge coefficient for materials with smaller magnetic permeability. For aspect ratios r > 16000, Metglas/PZT-5H in the LT configuration (χ = 95%) holds the highest ME charge coefficient. For aspect ratios 126 < r < 16000, Metglas/PZT-5H in the LL configuration (χ = 10% for r = 126 and χ = 41% for r = 16000 ) shows the highestβ. For aspect ratios 37 < r < 126, Galfenol/PZT-5H in the LL configuration (χ = 31%) shows the highestβ. For aspect ratios r < 37, Terfenol-D/PZT-5H in the LT configuration (χ = 95%) shows the highestβ.
The optimum PM volume fraction for each configuration discussed in this Section varies similarly to Figure 14 but it is not shown for sake of space. Actual values can be calculated using the formulas provided Website [31] . Figure 18 : Extrinsic ME charge coefficient for all material combinations as a function of aspect ratio. Optimum PM volume fraction is used in LL configuration. 70% retention volume fraction is used for LT configuration.
Extrinsic ME coupling factor
The extrinsic ME coupling factor is defined similarly to the intrinsic ME coupling factor in [21] , but using the externally applied, specific magnetic work. The later takes into account both the intrinsic work and the work in the surrounding medium (vacuum or air). Therefore,
wereŴ A M is the extrinsic magnetic work applied (specific magnetic work externally applied), when the electric field in the composite is constant. The extrinsic magnetic work applied can be obtained as followŝ
were H 0 is the externally applied magnetic field, B 0 is the externally applied magnetic flux, and µ ext is the magnetic permeability of the medium (vacuum, or air) with the composite structure inside. When the magnetic field is applied far enough (at infinity), the value of µ ext approaches the magnetic permeability of vacuum µ 0 . Because the average demagnetizing factor formula (16) only applies to a single phase lamina, in this work the PE phase is included in the surrounding medium and κ is defined ratio. PM materials with high magnetic permeability are very sensitive to demagnetizing effects and loose their comparative advantage even if they also posses high intrinsic coupling. There are two ways to minimize demagnetization: use a PM with low permeability µ or a PE with high compliance S. A composite with low PM permeability µ is better because the usable magnetic field H 3 in (15) is inversely proportional to µ, so less µ means the performance is less affected by demagnetization. A composite with high PE compliance (e.g., PVDF) is best in LT and LL configurations because less PM is needed, and since only the PM is affected by demagnetization, the extrinsic performance is less affected.
The material combinations identified as having best intrinsic performance are replaced by different material combinations when extrinsic properties are calculated. Furthermore, the best material selection, optimum volume fraction, and even optimal configuration vary with the aspect ratio, thus requiring to include device geometry in the design process. The LL configuration yields maximum extrinsic ME voltage. For an aspect ratio of 10, ME devices based on Terfenol-D are predicted to have the highest extrinsic voltage coefficient due to its relatively small magnetic permeability µ 33 /µ 0 = 3 ( Table 2 ). In some cases, like for Metglas/PVDF, the decrease in the demagnetizing factor (due to smaller optimum PM volume fraction required to stretch the compliant PVDF) has a positive effect that more than compensates for the decrease in the intrinsic ME voltage resulting from using PVDF. However, different PM phases are required to achieve optimum performance at different values of aspect ratio.
The highest extrinsic α and κ are predicted when the ME composite is polarized and magnetized in the longitudinal direction, justifying the more complicated fabrication required by longitudinal polarization, which requires an insulator to prevent charge leakage from the PE phase through the PM phase. Longitudinal magnetization yields higher extrinsic open circuit sensitivity due to the higher strain produced.
